The sequence of the H gene and flanking sequences in the F and L genes of canine distemper virus (CDV) have been determined. The H gene of CDV (1946 nucleotides) contains one large open reading frame starting at position 21 and terminating at position 1835, encoding a protein of 604 amino acid residues. This protein contains three potential glycosylation sites in the extracellular domain and, like all other paramyxoviruses, a N-terminal membrane-spanning hydrophobic anchor domain. The deduced H protein sequence shows an identity of 36% with rinderpest virus (RPV) and measles virus (MV). The identities at the nucleotide level are higher (RPV 52% and MV 53 %). The amino acid sequence shows conservation of all the structural determinants with the H proteins of MV and RPV. The data also show that CDV is evolutionarily equidistant to RPV and MV with respect to the H gene.
The sequence of the H gene and flanking sequences in the F and L genes of canine distemper virus (CDV) have been determined. The H gene of CDV (1946 nucleotides) contains one large open reading frame starting at position 21 and terminating at position 1835, encoding a protein of 604 amino acid residues. This protein contains three potential glycosylation sites in the extracellular domain and, like all other paramyxoviruses, a N-terminal membrane-spanning hydrophobic anchor domain. The deduced H protein sequence shows an identity of 36% with rinderpest virus (RPV) and measles virus (MV) . The identities at the nucleotide level are higher (RPV 52% and MV 53 %) . The amino acid sequence shows conservation of all the structural determinants with the H proteins of MV and RPV. The data also show that CDV is evolutionarily equidistant to RPV and MV with respect to the H gene.
Canine distemper virus (CDV) belongs to the morbillivirus subgroup of the Paramyxoviridae and is a nonsegmented negative-stranded enveloped RNA virus. Other established members of the group include measles virus (MV), rinderpest virus (RPV) and peste-des-petits ruminants virus. Recently, a fifth member has been proposed, phocine distemper virus (PDV), responsible for distemper in seals.
It is now well established that morbillivirus virions contain six proteins (Rima, 1983) : the nucleocapsid (N) protei n, the phosphoprotein (P), the large (L) protein, the matrix protein (M) and two integral membrane proteins, namely the fusion protein (F) and the attachment protein haemagglutinin (H) which in MV carries the haemagglutinating activity. These proteins display varying levels of serological cross-reactivity among the individual members (Sheshberadaran et aL, 1986) .
The morbillivirus genome is a single-stranded negative-sense RNA of 15 to 16 kb in length (Barrett et al., 1991) and is organized into six transcription units or genes encoding the N, P, M, F, H and L proteins separated by almost totally conserved intergenic trinucleotides and preceded and followed by small leader and trailer sequences. In contrast to MV, where the t Present address: Department of Biology, University of California at San Diego, La Jolla, California 92093, U.S.A.
The nucleotide sequence in this paper will appear in the DDBJ, EMBL and GenBank nucleotide sequence database under accession number D00758: morbillivirus H gene. complete nucleotide sequence of the genome is known, much of the CDV genome remains to be sequenced. To date, almost the entire N, P and M genes and the complete F gene of CDV have been sequenced (Rozenblatt et al., 1985; Bellini et al., 1986; Barrett et al., 1985 Barrett et al., , 1987 . We report here the nucleotide sequence of the H gene of the Onderstepoort strain of CDV and compare the predicted H protein sequence to those published for MV (Alkhatib & Briedis, 1986; Gerald et al., 1986; Cattaneo et al., 1989) and RPV (Tsukiyama et al., 1987; Yamanaka et al., 1988) .
An H gene-specific cDNA clone pCDV54 derived from reverse-transcribed oligo(dT)-primed poly(A) ÷ RNA extracted from CDV-infected cells was sequenced by the dideoxynucleotide chaintermination method (Sanger et al., 1977) . Consistent with the strategy used to synthesize it, the insert sequence of pCDV54 contained a stretch of adenine residues at one end positioning the sequence at the 3' end of the H mRNA. Two additional H gene-specific clones pCDV9 and pCDV815, which cross-hybridized with pCDV54 and were isolated from the genome of the Onderstepoort strain of CDV as described earlier (Rima et al., 1986) , were also sequenced. The entire sequence determined for pCDV9 fell within the sequence determined for pCDV54; no differences were observed between them. The sequence of clone pCDV815 overlapped with the end of the pCDV54 sequence and extended 212 nucleotides into the L gene.
Since the entire merged sequence of these three cDNA clones extended only 650 nucleotides from the poly(A) 0000-9837 O 1991 SGM tail of the H mRNA towards the 5' end and since no clones overlapping with pCDV54 and extending into the F gene had been found in our (and others) cDNA libraries generated from genomic RNA, the polymerase chain reaction (PCR) was employed to isolate cDNAs of the remaining H gene sequence. Two oligonucleotide primers specific to the F gene sequence and the H gene sequence of pCDV54, both engineered with EcoRI sites, were used to prime total RNA extracted from CDVinfected Vero cells for reverse transcription and PCR. The first primer is derived from nucleotides 2073 to 2094 of the F mRNA (Barrett et al., 1987) . The sequence of the second primer was derived from the genomic strand sequence of pCDV54 (nucleotides 1324 to 1301 in Fig. 1 ). After confirmation of its estimated size (about 1400 nucleotides) and H/F gene specificity by Northern blot analysis, the amplified product was digested with EcoRI, subcloned into M13tgl30/Bluescript plasmids and sequenced.
All the sequences (existing cDNA clones and the PCR product) were merged to give the complete sequence of the end of the F gene, the H gene and the beginning of the L gene of CDV (see Fig. 1 Fig. 2 The gene end, intergenic sequences and gene start sequences of some paramyxoviruses. The data for Sendai virus were from Gupta & Kingsbury (1984) , those of MV from Cattaneo et al. (1987) and for parainfluenza virus type 3 from Spriggs & Collins (1986) . The data for all known morbillivirus genes are included. Capital letters indicate conserved nucleotides; small letters indicate conservation in the large majority of cases. boundary sequences are known, only the M/F boundary has been described for CDV (Barrett et al., 1987) . The 3' end sequences of the N and P mRNAs have also been reported (Rozenblatt et al., 1985; Barrett et al., 1985) . Here we report two more gene boundary sequences of CDV for the F/H and H/L genes. These are shown in Fig. 2 together with the consensus gene boundary sequences of MV (Cattaneo et al., 1987) , Sendai virus (Gupta & Kingsbury, 1984) and human parainfiuenza virus type 3 (Spriggs & Collins, 1986) . As expected the gene boundary sequences of CDV are also highly conserved and display striking similarity with the consensus sequences shown in Fig. 2 .
In contrast to the sequence reported by Barrett et al. (1987) for the polyadenylation signal (ATTATAn) our data identified a G residue which interrupts the string of adenine residues (Fig. 2) . A re-examination of the mRNA-derived cDNA sequence also revealed the presence of the G residue, confirming that the sequence presented here represents both the antigenomic as well as the mRNA sequence.
It is interesting to note that as with MV and Sendai virus, the conserved intergenic trinucleotide CUU (in the positive antigenome sense) in CDV is altered in the H/L boundary (CUU to CUA). One could postulate that this enables the polymerase to attenuate differentially at this intergenic sequence, explaining the extreme level of attenuation of transcription observed at the H/L intergenic boundary of MV (Cattaneo et al., 1987) . The completion of the remaining CDV gene boundary sequences should allow a more comprehensive comparison with its paramyxovirus relatives.
The deduced amino acid sequence of the H protein of CDV contains 604 amino acid residues and is depicted beneath the sequence in Fig. 1 . Since glycosylation is known to affect Mr estimates on SDS-PAGE, increasing the estimate by 2000 to 3000 per oligosaccharide chain (Keil et al., 1979; Horisberger et al., 1980) , the calculated M~ of the translation product (67996) compares well with the SDS-PAGE estimate of the H protein of CDV at 76K (Rima, 1983) proposed that the primary sequence of the ORF shown in Fig. 1 is that of the H protein of CDV. Interestingly, an ORF encoding a potential product of 70 amino acid residues containing a hydrophobic domain of 16 residues and two potential glycosylation sites has previously been identified near the 3' end of the H mRNA sequence of MV (Gerald et al., 1986) . In the case of RPV (Tsukiyama et al., 1987; Yamanaka et al., 1988) and CDV, no counterpart to this ORF was found, ruling out the possibility of a common function of this as yet unidentified product in morbillivirus-infected cells per se. In common with the other Paramyxoviridae H proteins examined to date (Morrison, 1988) , the CDV H protein appears to be a class II glycoprotein as the only hydrophobic domain large enough to span the lipid membrane is located near the N terminus of the protein (amino acids 35 to 55). This domain is thought to act both as a signal sequence for membrane transport and as the anchor of paramyxovirus H (N) proteins (Morrison, 1988) . Three potential sites for N-linked glycosylation were found at amino acid positions 149, 422 and 587 in agreement with the above mentioned prediction. Another potential glycosylation site is located at residue 19, but this is unlikely to be used, since it has been proposed that this sequence is in the cytoplasmic domain of the H glycoprotein molecule (Morrison, 1988) .
To facilitate a comparative analysis between the morbillivirus H glycoprotein primary sequences, the H proteins of MV, CDV and RPV were aligned and compared (Fig. 3) . Gaps had to be inserted in order to maximize the alignment of the CDV H sequence with those of MV and RPV. Most of these were single residue omissions indicating sporadic insertion and subsequent deletion downstream of triplet codons in the H gene sequence. However, two alterations were more substantial. There was a gap of three residues at positions 246 to 248 of the MV and RPV sequence and an eight residue gap at the C terminus, explaining the larger size of the MV H primary sequence.
The CDV H protein sequence shows an overall identity of 36~ with the H protein sequences of RPV and MV, whereas the identity between the latter two is 60~. Substantial stretches of three-way matched residues are scattered throughout the sequence, notably between residues 87 and 109 and between 519 and 535. Conservative replacements are also in abundance (Fig.  3) . The areas of perfect identity probably play an important role in the structure and function of the H glycoprotein. Additionally, all the cysteine residues in the CDV sequence are matched with the sequences of both MY and RP¥. However, one of the matched cysteine residues in MV and RPV (at position 583) is absent in the CDV sequence. Of the 32 proline residues present in the CDV H sequence, 21 are present in identical positions in all three sequences. It is thus obvious that the morbillivirus H proteins have a similar conformation. However, when one compares the levels of identity observed in the H proteins with those observed between the other viral proteins of CDV and MV (N, 66~; P, 44~; C, 44~; M, 76~; F, 66~), it appears that considerable sequence divergence in the H proteins exists. It is interesting to note that the divergence is not as extreme at the nucleotide level.
These data also reinforce the existing view (based on the sequences of the F genes of these three viruses), that MV is more closely related to RPV than to CDV. This divergence is further amplified when one considers the potential glycosylation sites. Three of the five potential glycosylation sites in the MV sequence occur in identical positions in the RPV sequence, whereas in the case of CDV its three potential glycosylation sites (Fig. 3) occur in different positions to those of MV and RPV. No doubt these differences together with the sequence divergence may result in significant changes in the tertiary structure of the CDV H protein with respect to MV and RPV and therefore the antigenic determinants.
Although immunological and sequence data have clearly shown that the H protein is the most variable of the morbillivirus proteins, the level of variability observed with respect to MV and RPV is considerably higher than anticipated, especially from the immunological studies carried out to date (Norrby et al., 1985; Sheshberadaran et al., 1986) . A more comprehensive comparison between all the morbillivirus H proteins will throw some light on the significance of this high degree of variability between CDV and MV/RPV. This may reflect the wide host range of CDV.
In summary, determination of the H gene sequence of CDV has indicated that there is a low level of identity between CDV and the other two morbilliviruses. The data on both the H and F proteins indicate that CDV is equidistant from MV and RPV and therefore this does not provide evidence for or against the suggestion that RPV is the archetypal virus in this group (Norrby et al., 1985) . It will be interesting to compare the sequence of the H glycoprotein of PDV with the one reported here and work is in progress to complete the sequence of PDV. The availability of the primary sequence for theH protein of CDV may now allow studies to determine antigenic determinants of the CDV H protein.
